The temporal and spectral characteristics of tonic-clonic seizures are investigated using a neural field model of the corticothalamic system in the presence of a temporally varying connection strength between the cerebral cortex and thalamus. Increasing connection strength drives the system into ∼ 10 Hz seizure oscillations once a threshold is passed and a subcritical Hopf bifurcation occurs. In this study, the spectral and temporal characteristics of tonic-clonic seizures are explored as functions of the relevant properties of physiological connection strengths, such as maximum strength, time above threshold, and the ramp rate at which the strength increases or decreases. Analysis shows that the seizure onset time decreases with the maximum connection strength and time above threshold, but increases with the ramp rate. Seizure duration and offset time increase with maximum connection strength, time above threshold, and rate of change. Spectral analysis reveals that the power of nonlinear harmonics and the duration of the oscillations increase as the maximum connection strength and the time above threshold increase. A secondary limit cycle at ∼ 18 Hz, termed a saddle-cycle, is also seen during seizure onset and becomes more prominent and robust with increasing ramp rate. If the time above the threshold is too small, the system does not reach the PLOS 1/30 the times to reach the saturated large amplitude limit-cycle seizure oscillation from both the instability threshold and from the end of the saddle-cycle oscillations are inversely proportional to the square root of the ramp rate.
Analytical prediction of onset and offset transition times 123 Paralleling the analytic prediction of the characteristic time required to develop absence 124 seizures [33] , we next predict characteristic tonic-clonic onset and offset times. 125 For ν(t) ≈ ν θ , the oscillation amplitude A obeys
where C is a constant, and ν(t) is the instantaneous value of ν se . Because ν se only 127 varies with time t, we can make the approximation ν(t) − ν θ ≈ c(t − t θ ) near the 128 threshold, when the oscillation starts at A θ . This yields
with c = Cdν(t)/dt| t=t θ ; then A = A lc at t = t lc
where k = [(2/C) ln(A lc /A θ )] 1/2 . Similar analysis predicts that the transition time approximated as
where C and C are constants, and t lc2 is the offset bifurcation threshold as mentioned 135 in previous sections. This yields
which indicates a superexponential decrease during seizure offset.
137
Dynamics during ictal state plateau 138 Figure 3 shows the phase space trajectory of φ e for the default parameters in Table 1 , 139 except ∆ = 2 s, which we use to see the saddle-cycle attractor more clearly. Figure 3 Figure 4 shows the dynamic spectrum of φ e from Fig. 1(b) . A sudden appearance of 153 10 Hz oscillation with multiple harmonics at t = t θ is seen. These harmonics resemble 154 with the harmonics seen in [3] , both experimentally and theoretically. The power of the 155 harmonics decreases with harmonic number and their duration decreases slightly. We Phase space trajectory of φ e for ∆ = 2 s, and rest of the default parameters as in Table 1 . (a) Trajectory from from t = 5 s to t = 295 s. Initial small straight line labeled with FP corresponds to the evolving fixed point; small dark gray segment labeled with SC corresponds to the saddle-cycle attractor; black segment labeled with LC corresponds to the large amplitude limit cycle attractor. The fixed point and center of the clockwise limit cycle trajectory move from left to right during ramp up and right to left during ramp down. From these plots we observe that (i) during onset φ r reaches much higher amplitudes 164 than φ e ; and, (ii) the ratio between the amplitude of the small oscillations that develop 165 after crossing the bifurcation and the amplitude of the saturated limit cycle is smaller 166 for φ e than it is for φ r and φ s .
167
In order to study the interplay among φ e , φ r , and φ s in more detail, we plot their 
Seizure onset time 214 Figure 8 quantifies the effects of ν max and ∆ on seizure onset. We do not revisit the 215 variation with t 2 − t 1 because its effects were already discussed in the previous 216 subsection.
217 Figure 8 (a) shows that t θ decreases with increasing ν max , because the system reaches 218 ν θ earlier for a higher ν max . Figure 8 In this section we discuss the effects of changing the temporal profile of ν se on the power 226 spectrum of φ e and use its evolution to further clarify the occurrence of saddle cycles.
227 Figure 9 (a) shows the dynamic spectrum for ν max = 1.05 mV s. During the seizure, 228 we observe a peak at approximately ∼ 10 Hz with several harmonics. We also find lower shows that for ν max = 1.15 mV s, harmonics have greater duration and power than 231 Fig. 9 (a); frequency broadening is also more prominent. Figure 9 shows that the power of the peaks increases significantly with ν max and t 2 − t 1 , but 234 decreases slightly with ∆, especially at higher order harmonics. A small peak around 235 205 s shows that the system returns to the initial steady state via small oscillation after 236 it crosses the offset bifurcation.
237

Characteristic transition times 238
In this section we test the analytic prediction made in earlier sections. Figure 10 shows t lc − t θ vs. (dν se /dt) −1/2 . A least-squares fit to these data yields
with a = (0.042 ± 0.004) V 1/2 s and b = (0.9 ± 1.4) s, which is consistent with Eq. (4). 
with a = (0.0116 ± 0.0002) s −2 and b = (0.018 ± 0.004). The figure shows that the 248 decrease of the envelope follow the linear fit for a relatively short time, after which the 249 decrease becomes steeper. By using Eqs (2) and (3), it can be also shown that decrease 250 within the linear region also follows the same scaling as Eq. (4). Figure 11 shows the variation of saddle-cycle oscillations with respect to ν max , with 259 other parameters as in Table 1 . Figure 11 To understand the relation between the saddle-cycle oscillation and rate of change of 268 ν se more clearly, we calculate the power spectrum for different ν max and ∆. Figure 12 and becomes more prominent and strong with increasing ν max . Figure 12(b) shows that 272 the power of the peak around 18 Hz decreases with ∆ and disappears for ∆ 20 s.
273
These results imply that the presence of saddle-cycle oscillations depends on the rate 274 of change of of ν se . Figure 13 illustrates the presence or absence of saddle-cycle during seizure onset with other parameters as in Table 1 . In Fig. 14(a) , for ∆ = 50 s 283 and dν se /dt = 0.003 mV, the 10 Hz peak always rise faster than the 18 Hz peak, and 284 hence, always has more power and dominates the spectrum; no saddle cycles are seen in 285 the trajectory. On the other hand, in Fig. 14(b) , for ∆ = 2 s and dν se /dt = 0.03 mV, 286 the 18 Hz peak rises faster than the 10 Hz peak during onset so there is a ∼ 2 s window 287 in which the 18 Hz peak dominates and hence, the system is seen to exhibit saddle-cycle 288 oscillations during onset in Fig. 1 , after which the 10 Hz peak dominates. Now, since, ν θ 289 is a the bifurcation threshold and does not depend on the temporal profile, but ν lc 290 depends on the temporal profile and the time to reach the 10 Hz limit cycle (i.e., 291 t lc − t θ ), we conclude that ν lc is the parameter that defines the existence of the saddle 292 cycle. The system will exhibit saddle cycle oscillation only if ν sc > ν lc at t sc .
293
Discussion
294
We have used an established neural field model of the corticothalamic system [3] to 295 study the dependence of tonic-clonic seizures on the temporal profile of a 296 corticothalamic connection strength ν se that induces seizures. The effects of varying 297 other connection strengths can also be qualitatively predicted using these outcomes To investigate the dynamics of tonic-clonic seizure, we use the neural field model of the 346 corticothalamic system seen in Fig. 15 . In this study we use the same analytical model 347 of [33] , but in different parametric regime suitable to study the tonic-clonic seizure. The 
where S is a smooth sigmoidal function that increases from 0 to Q max as V a increases
where θ is the mean neural firing threshold, σ is the standard deviation of this 356 threshold, and Q max is the maximum firing rate [3, 8] .
357
In each neural population, firing rates Q a generate propagating axonal fields φ a that 358 approximately obey the damped wave equation [3, 8] 
where γ a = v a /r a is the damping rate, r a and v a are the characteristic range and 361 conduction velocity of axons of type a, and ∇ 2 is the Laplacian operator. The smallness 362 of r i , r s , and r r enables us to set γ a ∞ except for a = e. The cell-body potential V a 363 results after postsynaptic potentials have propagated through the dendritic tree and 364 then been summed as their resulting currents charge the soma. For excitatory and 365 inhibitory neurons within the cortex, this is approximated via the second-order 366 delay-differential equation [8] 367
where a = e, i and the temporal differential operator is given by
The quantities α and β in Eq. (16) are the inverse decay and rise times, respectively, of 369 the cell-body potential produced by an impulse at a dendritic synapse. Note that input 370 from the thalamus to the cortex is delayed in Eq. (15) by a propagation time t 0 /2. For 371 neurons within the specific and reticular nuclei of the thalamus, it is the input from the 372 cortex that is time delayed, so
where a = s, r. The connection strengths are given by ν ab = N ab s ab , where N ab is the 374 mean number of synapses to neurons of type a from type b and s ab is the strength of order to simplify the model we only include the connections shown in Fig. 15 , so only 10 378 of the possible 16 connections between the four neural populations are nonzero [8] . We 379 also assume the random intracortical connectivity and the number of connections connectivity assumption provides N ib = N eb for all b, so ν ee = ν ie , ν ei = ν ii and 382 ν es = ν is [30] .
383
Setting all spatial and temporal derivatives in Eqs (12) − (17) to zero determines 384 spatially uniform corticothalamic steady states. The steady state firing rate, φ
e of φ e 385 is then given by [18] 386
The properties of steady states in the corticothalamic model have been studied 387 extensively in [8, 18] , and we use the outcomes to identify the stable and unstable 388 regions of the steady state. Figure 16 shows the steady state dependence of φ In this paper, we ramp the coupling strength ν se from an initial value ν 0 to a 408 maximum value ν max and back to see the impact of the ramp characteristics on 409 tonic-clonic seizures, with [33] 410
where t is the time. The ramp rise is centered on t 1 , and the ramp fall is centered on t 2 , 412 and ∆ is the characteristic rise time. Now, 0 f (t) π, so we normalize by dividing by (15) and (17) . Hence, a fourth-order Runge-Kutta integration is employed to solve these 421 equations, with an integration time step of 10 −4 s and store time histories of the delay 422 terms t 0 /2 into the past.
423
Because extensive comparisons with experiment have demonstrated that the normal 424 brain operates close to stable fixed points [3, 8, 18, 30, 32] , we start our simulations from 425 a corticothalamic steady state with low firing rate. However, because of the delay time 426 t 0 /2, we must specify these initial steady-state conditions to apply for times 427 −t 0 /2 < t 0.
428
PLOS
25/30
We use the parameters in Table 1 as the initial parameters, which are taken from [3] 429 with ν 0 = 0.8 mV s in all cases. A constant input ν sn φ n = 2 mV is used and no external 430 noise is applied in the simulations as the seizure onset occurs spontaneously.
431
Simulations are 300 s long, and we record the output time series every 5 ms. For all 432 simulations, we use the default parameters shown in Table 1 unless otherwise specified.
433
The default parameters we used are the corresponding parameter set of [3] for 
